Hormones that stimulate the synthesis of cyclic adenosine monophosphate (cAMP) regulate many cell type-specific processes, including gene transcription, cell proliferation, differentiation, and survival. These processes are mediated, in part, by the mitogen-activated protein kinase (MAPK) or extracellular signal-response kinase (ERK) cascade in a wide range of diverse cell types, including pancreatic islet cells (1, 2), bone cells (3), pituitary cells (4 -7), thyroid cells (8, 9), neuronal cells (10 -12), and others (13). The duration of ERK activation is a critical component in dictating the cellular response, with sustained ERK activation being associated with cell differentiation in a number of settings (14 -18). Specifically, physiological stimuli that trigger a sustained activation of ERKs induce the transcription and stabilization of a range of transcription factors (19).
Hormones that stimulate the synthesis of cyclic adenosine monophosphate (cAMP) regulate many cell type-specific processes, including gene transcription, cell proliferation, differentiation, and survival. These processes are mediated, in part, by the mitogen-activated protein kinase (MAPK) or extracellular signal-response kinase (ERK) cascade in a wide range of diverse cell types, including pancreatic islet cells (1, 2) , bone cells (3), pituitary cells (4 -7), thyroid cells (8, 9) , neuronal cells (10 -12) , and others (13) . The duration of ERK activation is a critical component in dictating the cellular response, with sustained ERK activation being associated with cell differentiation in a number of settings (14 -18) . Specifically, physiological stimuli that trigger a sustained activation of ERKs induce the transcription and stabilization of a range of transcription factors (19) .
cAMP directly activates two classes of signaling proteins, the cAMP-dependent protein kinase (PKA) and cAMP-activated guanine nucleotide exchangers (GEFs). 2 Both classes of cAMPbinding proteins have been proposed to mediate cAMP activation of ERKs (20 -23) . Potential GEFs activated by cAMP include exchange proteins activated by cAMP (Epacs) that are specific for the small G protein Rap1 (24) and PDZ-GEF1, which can activate both Rap1 and the small G protein Ras (25, 26) . Using Hek293 cells as a model system, we show that both Ras and Rap1 were required for cAMP activation of ERKs, contributing to the rapid and sustained components of ERK activation, respectively. Ras activation by cAMP was independent of PKA and required the cyclic nucleotide-binding domain within PDZ-GEF1. Rap1 activation required PKA and the Rap1 GEF C3G.
Results

cAMP Activation of ERKs Has Both PKA-dependent and
PKA-independent Components-Forskolin, an activator of endogenous adenylate cyclases, mimics the actions of hormones coupled through cAMP (27, 28) . Additional elevation of cAMP levels can be achieved through the application of 3-isobutyl-1-methylxanthine (IBMX), a non-selective phosphodiesterase inhibitor. Stimulation of Hek293 cells by this mixture of forskolin and IBMX (herein referred to as "F/I treatment") activated ERKs within 2 min, and this activation was sustained for at least 20 min (Fig. 1A) . To determine whether this activation was PKA-dependent, we utilized the PKA inhibitor N-(2-(p-bromocinnamylamino)ethyl)-5-isoquinolinesulfonamide (H89). H89 completely blocked cAMP activation of ERKs during the sustained phase of ERK activation (10 -20 min), but it only partially blocked the early phase of ERK activation by F/I (2-5 min) (Fig. 1A) .
Two small G proteins, Ras and Rap1, have been proposed to mediate cAMP activation of ERKs (20, 22, 29) . To determine whether this early phase might be mediated by Ras, we utilized shRNAs to selected Ras isoforms. In Hek293 cells, shRNA against KRas eliminated the majority of the total Ras proteins in Hek293 cells (Fig. 1B) , demonstrating that KRas is the predominant Ras isoform in these cells. The major consequence of shRNA knockdown of KRas on ERK activation was the loss of ERK activation at 2 and 5 min. In contrast, the late (10 and 20 min) activation of ERKs was spared (Fig. 1, B and C) . Isoprot-FIGURE 1. Rapid activation of ERKs by cAMP is PKA-independent and Ras-dependent. A, Hek293 cells were treated with F/I and pretreated with H89 or vehicle, as indicated. Activation of ERK was measured as described under "Experimental Procedures," using phospho-ERK antibodies. The levels of ERK activation (pERK) and total ERK2 are shown. B, cells transfected with nonspecific (NS) shRNA or shRNA against human KRas were treated with F/I for the times indicated. The levels of pERK and total ERK2 are shown in the 1st two panels. KRas levels are shown in the 3rd panel. Total Ras levels are shown in the 4th panel, using a pan-Ras antibody. C, shRNA data from four independent experiments are shown as bar graphs, with ERK activation (pERK) normalized to total ERK2 levels and the pERK/ERK ratio presented as relative densities. Error bars show standard error. Significance was assessed by unpaired Student's t tests (ns, not significant, * ϭ Ͻ0.05, and *** ϭ Ͻ0.001). D, cells transfected with NS shRNA or shRNA against human KRas were treated with isoproterenol (Iso) for the times indicated. The levels of pERK, total ERK2, and total Ras (using a pan-Ras Ab) are shown. E, cells were transfected with Myc-ERK2 and either NS shRNA or shRNA against KRas, along with either vector or FLAG-tagged shRNA-resistant wild type KRas (FLAG-KRas*). Cells were treated with F/I for 2 min or left untreated and subjected to immunoprecipitation using agarose-coupled Myc Ab. The levels of Myc-ERK2 activation (pMyc-ERK2) and total Myc-ERK2 within the IP are shown. The levels of Myc-ERK2 and Ras proteins (total Ras) within the total cell lysate (TCL) are shown in the 3rd and 4th panels, respectively. Note that both FLAG-KRas and endogenous Ras are easily separated on this gel, with FLAG-KRas migrating more slowly.
erenol, an agonist of the ␤ (␤1 and ␤2)-adrenergic receptor, also induced a rapid activation of ERK. The initial phase of ERK activation by isoproterenol had a Ras component that was largely mediated by KRas (Fig. 1D) . Interestingly, this Ras component was more transient than that seen with F/I, perhaps because endogenous phosphodiesterases were not inhibited by IBMX. The controls to determine the ability of an shRNA-resistant cDNA for KRas to reverse the effects of KRas shRNA on ERK activation by F/I at 2 min are shown (Fig. 1E) .
In Hek293 cells, the effect of knockdown of Ras isoforms was similar whether KRas shRNA was used alone or with shRNA against HRas ( Fig. 2A) , suggesting that HRas has a minor role in cAMP's activation of ERKs. Knockdown of KRas lowered ERK activation at 2 min of F/I treatment, but not at 20 min ( Fig. 2A) , as seen in Fig. 1B . HRas was also expressed in these cells and was efficiently eliminated by HRas shRNA. However, the effect on total Ras was minimal ( Fig. 2A) . Accordingly, there was no effect of HRas knockdown on ERK activation at either 2 or 20 min of F/I treatment ( Fig. 2A) . Because of the lack of effect of HRas shRNA on F/I stimulation of ERKs, the controls to determine the ability of an shRNA-resistant cDNA for HRas to reverse the effect of HRas knockdown used EGF, whose receptor can couple to multiple Ras isoforms, including HRas (Fig. 2B) .
cAMP Activates Ras in a PKA-independent Manner via PDZ-GEF1-cAMP activation of Ras via F/I was rapid and transient and insensitive to H89, demonstrating that Ras activation by cAMP was PKA-independent (Fig. 3A) . PKA-independent activation of small G proteins by cAMP has been well studied for Epacs, whose actions are selective for Rap1 (30) . PDZ-GEF1 (also called RapGEF2, RA-GEF1, nRapGEP, and CNrasGEF) (20, 31, 32) is closely related to Epac and can be activated by cAMP (20, 31) , but unlike Epacs, PDZ-GEF1 is a potential GEF for Ras (25, 26) . Experiments using shRNA against human PDZ-GEF1 eliminated Ras activation by cAMP and reduced ERK activation at early time points (Fig. 3B) . Like F/I, isoproterenol activation of Ras was dependent on PDZ-GEF1, as it was blocked by shRNA for PDZ-GEF1 (Fig. 3C) . Isoproterenol is an agonist of both ␤1-and ␤2-adrenergic receptors. Both receptors are expressed in cardiomyocytes, and their activation has been linked to ERK activation in these cells (33, 34) . Isoproterenol and the more selective ␤1 agonist dobutamine activated Ras and ERKs to similar extents in newborn mouse cardiomyocytes. As in Hek293 cells, these effects were independent of PKA, as they were insensitive to the effects of H89 (Fig. 3D) .
PDZ-GEF1 Activation of Ras and ERKs Requires Its Putative Cyclic Nucleotide-binding Domain-The specificity of shRNA for PDZ-GEF1 was confirmed by showing that transfection of an shRNA-resistant wild type PDZ-GEF1 could rescue the loss of ERK activation (Fig. 4A) . Like Epacs, PDZ-GEF1 contains a putative cyclic nucleotide-binding domain (25, 26) . Mutation of an essential residue within this domain creates a mutant PDZ-GEF1 K211D that can no longer bind cAMP in vitro (31) . An shRNA-resistant version of this mutant could not rescue the loss of Ras and ERK activation (Fig. 4B) , suggesting that cAMP binding to the cyclic nucleotide-binding domain of PDZ-GEF1 is required for Ras activation by cAMP and the resultant ERK activation in vivo.
Using co-immunoprecipitation, we show that PDZ-GEF1 associated with Ras. Both N-and C-terminal fragments of PDZ-GEF1 were used to define this binding site further. The N-terminal fragment comprised amino acids 1-716 and contained a potential Ras association (RA) domain located between amino acids 593 and 692. The C-terminal fragment comprised amino acids 693-1499 and contained the catalytic CDC25 homology/ GEF domain located between amino acids 712 and 899 (26, 32, 35) . We show that binding to RasV12 occurs through the C-terminal catalytic domain, with negligible binding to the N-terminal fragment (Fig. 5A) . Similar results were seen with the mutant RasN17 (Fig. 5B) . These data suggest that the RA domain contributes negligibly to Ras binding, consistent with previous studies (26, 32, 36) . A, cells transfected with NS shRNA, shRNA against human KRas, shRNA against human HRas, or shRNAs against both KRas and HRas (KRas/HRas) were treated with F/I for the times indicated. The levels of ERK activation (pERK) and total ERK2 are shown in the 1st two panels. The levels of KRas, total Ras, and HRas are shown in the 3rd, 4th, and 5th panels, respectively. B, cells were transfected with GFP-ERK2 and NS shRNA or shRNA against HRas and either vector or FLAG-tagged shRNA-resistant HRas (FLAG-HRas*). Cells were treated with EGF for 5 min or left untreated, lysed, and subjected to GFP IP. The levels of activation of GFP-ERK2 (pGFP-ERK2) and the levels of total GFP-ERK2 are shown in the 1st and 2nd panels, respectively. The levels of GFP-ERK2 and HRas within the TCL are shown in the bottom two panels.
It has been reported that Rap1 can bind the RA domain of PDZ-GEF1 (26, 32, 36) , although Rap1 binding did not affect its GEF activity (35, 36 ). An intact RA domain is required for full PDZ-GEF activity in vivo, and a role in subcellular localization has been proposed (36) . Taken together, these data suggest that the GEF catalytic site provides the major interaction with Ras.
Sustained Activation of ERKs Requires Rap1-Rap1 has been proposed to mediate cAMP/PKA activation of ERKs in a variety of cell types (20, 21, 23) . We examined whether it contributes to ERK activation by F/I in Hek293 cells as well. Rap1 exists as one of two highly homologous isoforms, Rap1a and Rap1b (37) . The combined expression of two shRNAs, designed against Rap1a and Rap1b, respectively, completely blocked cAMP activation of ERKs during the sustained phase of ERK activation and partially blocked the early phase of ERK activation by F/I (Fig. 6A) . Given the findings shown in Fig. 1 , we propose that Rap1 contributes, along with Ras, to this early phase. Similar results were seen when examining isoproterenol (Fig. 6B) . The controls to determine the ability of an shRNA-resistant cDNA for Rap1b to reverse the effects of its shRNA are shown (Fig. 6C) .
Unlike Ras, Rap1 activation was blocked by H89 (Fig. 7A ). This PKA dependence is consistent with the known role for the A, Hek293 cells were transfected with NS shRNA or shRNA against PDZ-GEF1 and either vector or FLAG-tagged shRNA-resistant wild type PDZ-GEF1 (WT*). Cells were treated with F/I for the times indicated. The levels of pERK and total ERK2 are shown in the 1st and 2nd panels, respectively. The levels of PDZ-GEF1 are shown in the 3rd panel. B, cells transfected with NS shRNA or shRNA against PDZ-GEF1 and either vector, FLAG-tagged shRNA-resistant wild type PDZ-GEF1 (WT*), or FLAG-tagged shRNA-resistant PDZ-GEF1 K211D mutant (K211D*). Cells were treated with F/I for the times indicated. The levels of Ras-GTP are shown in the 1st panel. The levels of pERK, total Ras, total ERK2, and FLAG-PDZ-GEF1 are shown in the lower four panels, respectively.
Rap1 exchanger C3G in PKA-dependent activation of Rap1 (21, 23) . A dominant role for C3G during the sustained phases of ERK activation was shown using shRNA knockdown of C3G (Fig. 7B) . Similar to the actions of H89 and shRNA against Rap1 on ERK activation, a portion of the early phase of ERK activation was also inhibited to a limited extent by shRNA knockdown of C3G (Fig. 7B) . The controls to determine the ability of an shRNA-resistant cDNA for C3G to reverse the effects of its respective shRNA are shown (Fig. 7C) .
cAMP/PKA activation of C3G requires the tyrosine kinase Src, in Hek293 (38) , as well as other cell types (39, 40) . PP2, an inhibitor of Src family kinases, inhibits the basal autophosphorylation of Src on Tyr-416 with an IC 50 of roughly 0.5-1.0 M (Fig. 7D) , which is consistent with previous reports (41) . Based on these results, we utilized a concentration of PP2 (2.5 M) that blocked most of the phosphorylation of Tyr-416 in these cells (Fig. 7D) . At this concentration, Rap1 activation was completely blocked (Fig. 7E ). 2.5 M PP2 also selectively blocked the sustained portion of cAMP activation of ERKs (Fig. 7E) , consistent with the known Rap1 dependence of this portion of ERK activation (38 -40) . Taken together, these data are consistent with roles for both Rap1 and Ras in the early phase and a selective role for Rap1 in the later phase of ERK activation by F/I. Interestingly, ERK activation at early time points was also partially reduced by 2.5 M PP2. Most of this inhibition reflects the loss of early Rap1 signaling, but a portion of this inhibition may reflect an inhibition of a second target of Src, the Ras effector C-Raf. Both Raf isoforms B-Raf and C-Raf couple to ERKs (42) , but only C-Raf requires Src (43) . The importance of C-Raf versus B-Raf is examined below.
Initial Activation of ERKs Utilizes Both B-Raf and C-Raf-To determine the contribution of each Raf isoform (C-Raf and B-Raf) for ERK activation by cAMP, we utilized shRNAs specific for either human B-Raf or C-Raf. shRNA for B-Raf largely eliminated the activation of ERKs (2-10 min) (Fig. 8A) . The residual ERK activation seen at 5 min of F/I treatment in the presence of B-Raf knockdown may represent the C-Raf-dependent portion of this early activation (Fig. 8A) . The controls showing the ability of an shRNA-resistant cDNA for B-Raf to reverse the effects of B-Raf shRNA on F/I activation of ERKs are shown (Fig. 8B) .
In contrast to the results with B-Raf knockdown, the effect of C-Raf knockdown was minimal, with a very modest effect on ERK activation at 5 min of F/I treatment (Fig. 8A ). This suggests that Ras-dependent ERK activation was largely B-Raf-dependent. As expected, C-Raf knockdown had no effect at later times (Fig. 8A ), because these later Rap1-dependent signals couple exclusively through B-Raf (44) . In light of the small effect of C-Raf shRNA on F/I stimulation of ERKs, the controls used to determine the ability of an shRNA-resistant cDNA for C-Raf to reverse the effect of C-Raf shRNAs were conducted with EGF, whose signaling to ERKs has a measurable C-Raf component (Fig. 8C) .
The effect of B-Raf on early ERK activation was more pronounced than that of C-Raf. This is largely due to the contribution of Rap1 at these time points, which can only activate B-Raf (44) . It is also due to the large B-Raf component of Ras signaling to ERKs, which reflects the ratio of B-Raf to C-Raf in these cells. B-Raf was roughly two to three times more abundant than C-Raf In Hek293 cells (data not shown).
c-FOS Induction by cAMP Requires Both Ras and Rap1-A physiological role of sustained activation of ERKs is the transcription and stabilization of a range of transcription factors, including c-FOS (19) . To examine the role of Ras, Rap1, B-Raf, and C-Raf in these processes, we examined the induction/stabilization of the transcription factor c-FOS. Like many other transcription factors (15), c-FOS activation requires a sequence of two ERK-dependent events. First, ERK-dependent activation of c-FOS transcription leads to newly synthesized c-FOS protein. The c-FOS protein is intrinsically unstable and requires additional ERK phosphorylations to ensure its stability (and detection by Western blotting). Therefore, increases in c-FOS protein levels require both rapid and sustained ERK activation (17, 19, 46) .
In Hek293 cells, cAMP induction of c-FOS protein required ERK, as F/I induced a high level of c-FOS protein at 45 and 60 min after stimulation that was blocked by the MEK inhibitor U0126 (Fig. 9A) . This block was present even when U0126 was applied 30 min after F/I application, demonstrating the requirement of late ERK activation for induction of c-FOS protein by cAMP. Both Rap1 and KRas were required for maintaining maximal c-FOS protein levels (Fig. 9, B and D) , although KRas had a more pronounced effect on c-FOS protein levels, presumably due to its essential role in c-FOS transcription (19) . Both B-Raf, and to a lesser degree, C-Raf were also required for maximal c-FOS protein levels (Fig. 9, C and D) . Taken together these data are consistent with a model of cAMP regulation of c-FOS requiring both the rapid and the sustained activation of ERKs.
Discussion
In this study, we report a mechanism for the cooperative actions of Ras and Rap1 in cAMP activation of ERKs. In Hek293 cells, Rap1 contributes to the sustained portion of cAMP/PKA activation of ERKs, whereas Ras contributes to the rapid (and transient) portion. This cooperation between Rap1 and Ras in cAMP/PKA activation of ERKs has not been reported previously.
Using shRNA knockdown of either Ras or Rap1 in Hek293 cells, we have defined two distinct temporal phases of cAMP activation of ERKs. We show that Ras was required for the rapid phase and Rap1 was required for the sustained phase of ERK activation by cAMP. Ras activation by cAMP was rapid and transient, returning to baseline within 5 min. The transient nature of this activation may account for why it was not appreciated in earlier studies (21, 38) . Ras-dependent activation of ERKs was also rapid, showing a robust activation at 2 and 5 min that returned to baseline levels by 10 min.
Ras activation of ERKs generally requires the recruitment of either C-Raf or B-Raf (48) . PKA blocks the recruitment of both C-Raf and B-Raf to Ras to terminate Ras action. This occurs, in part, through the PKA phosphorylation of C-Raf on Ser-259 and B-Raf on Ser-365. Each of these phosphorylations uncouples their respective Raf isoforms from binding to Ras-GTP (49, 50) . Although PKA was dispensable for Ras activation by cAMP, we propose that PKA plays a role in terminating Ras action triggered by cAMP. That this action of cAMP is terminated by PKA dictates that Ras activation by cAMP will be rapid and transient. It is possible that the loss of Raf binding to Ras contributes to the transient nature of Ras activation by exposing bound GTP to rapid hydrolysis by RasGAP.
In contrast to Ras, Rap1 activation by cAMP was sustained. Like Ras, Rap1 activation was required for Rap1 to bind to effectors (51, 52) , and the sustained activation of Rap1 was associated with the prolonged coupling of B-Raf to ERKs. Rap1 activation by cAMP was dependent on PKA and mediated by the Rap1 exchanger C3G, consistent with other studies (40, 53) . These temporal requirements for both Ras and Rap1 were similar to those seen using the ␤-adrenergic receptor agonist isoproterenol, suggesting that hormones coupled to cAMP can activate ERKs via similar pathways. These combined actions of Ras and Rap1 may explain previous studies examining the activation of ERKs by hormones linked to cAMP, where both Ras FIGURE 6. Small G protein Rap1 mediates the sustained portion of ERK activation by cAMP. A, Hek293 cells transfected with either NS or shRNA against Rap1a/b were treated with F/I for the times indicated. The levels of pERK and total ERK2 are shown in the 1st and 2nd panels, respectively. The efficacy of the Rap1 knockdown is shown in the 3rd panel. B, cells transfected with either NS shRNA or shRNA against Rap1a/b were treated with isoproterenol (Iso) for the times indicated. The levels of pERK and total ERK2 are shown in the 1st and 2nd panels, respectively. The efficacy of the Rap1 knockdown is shown in the 3rd panel. C, cells were transfected with NS shRNA or shRNA against human Rap1b and either vector or FLAG-tagged shRNA-resistant Rap1b (bovine FLAG-Rap1b). Cells were treated with F/I for 10 min or left untreated, lysed, and examined by Western blotting. The levels of activation of ERK (pERK) and levels of total ERK2 are shown in the 1st and 2nd panels, respectively. The levels of FLAG-Rap1b (bovine) and endogenous (endo) human Rap1 are shown in the bottom two panels, respectively. and Rap1 were shown to be required (39, 54 -56) . These actions of Ras and Rap1 are depicted in Fig. 10 .
Ras and Rap1 differ in their utilization of Raf isoforms to activate ERKs. We show that the late phase of cAMP activation of MAPK signaling exclusively uses the Raf isoform B-Raf but not the Raf isoform C-Raf. We have previously proposed that Rap1 cannot activate C-Raf because it cannot position C-Raf near the kinases that carry out the required phosphorylations at Ser-338 and Tyr-341 within the N-region (44) . Co-localization of B-Raf with these kinases is not needed for B-Raf activation because homologous phosphorylation sites within the N-region of B-Raf are either constitutively phosphorylated (Ser-445) or replaced by phosphomimetic amino acids (Asp-448 and Asp-449) (43) . We show that the role of C-Raf is limited to the Ras-dependent portion of this early phase. The extent of C-Raf's contribution to Ras activation of ERK is likely influenced by the relative levels of the two Ras effectors B-Raf and C-Raf. The larger contribution of B-Raf to the Ras component of ERK signaling can be largely explained by the predominance of B-Raf protein levels in these cells, compared with C-Raf.
Specific aspects of cAMP activation of Ras remain unresolved. We show that the PKA-independent activation of Ras and ERKs by cAMP required PDZ-GEF1. Previous reports have shown that PDZ-GEF1 can act either as a Ras GEF (31, 57, 58) or Rap1 GEF (20, 26, 32, 37) . PDZ-GEF1 has been reported to be activated by cAMP in a PKA-independent manner (20, 31) , but its mode of activation by cAMP has been unclear. PDZ-GEF1 has a putative cyclic nucleotide-binding domain (cNBD) that can bind cAMP in vitro (31) . This cNBD lacks two conserved residues that are present in other cNBDs, including those present in both Epac and PKA. The ability of the PDZ-GEF1 cNBD to bind cAMP in vitro has been controversial, with some groups showing binding (20, 31) and others not (25, 32, 59) . Moreover, the physiological role of this domain has been questioned, in part because of the inability of guanine nucleotide exchange assays of recombinant PDZ-GEF1 to show regulation by cAMP in vitro (25, 35) . To examine the role of cAMP binding in vivo, we used the mutant PDZ-GEF1 K211D that disrupts cAMP binding to this cNBD in vitro (31) . PDZ-GEF1 K211D could not support Ras activation in vivo, showing that an intact cNBD is required for cAMP activation of PDZ-GEF1 and the resultant activation of Ras and ERKs.
One explanation for the difference between the activation of PDZ-GEF1 by cAMP in vitro and activation of PDZ-GEF1 by F/I in cells may be that PDZ-GEF1 needs to be properly localized and/or oriented to specific membrane domains to function The efficacy of the C3G knockdown is shown in the 3rd panel. C, cells were transfected with FLAG-ERK2 and either NS shRNA or shRNA against C3G and either vector or GFP-tagged shRNA-resistant C3G (GFP-C3G*), as indicated. Cells were treated with F/I for 20 min, lysed, and subjected to FLAG IP. The levels of FLAG-ERK2 activation (pFLAG-ERK2) and total FLAG-ERK2 within the IP are shown in the top two panels. The levels of total ERK2, GFP-C3G*, and C3G within the TCL are shown in the lower three panels, respectively. D, cells were transfected with FLAG-Src and treated with increasing doses of PP2 as indicated. The levels of phosphorylation of Y416 Src were determined using the phospho-Y416 antibody (top panel). The levels of FLAG-Src were determined using the FLAG antibody (bottom panel). E, cells were treated with F/I for the times indicated and pretreated with 2.5 M PP2 or vehicle, as indicated. Rap1-GTP was measured in the 1st panel. Total levels of Rap1 are shown in the 2nd panel. The levels of pERK and total ERK2 are shown in the 3rd and 4th panels, respectively.
properly. Targeting to physiological sources of cAMP synthesis may also be important. PDZ-GEF1 has a PDZ domain that targets it to membrane proteins, including the ␤1-adrenergic receptor (58) . The local concentrations of cAMP achievable downstream of the ␤1-adrenergic receptor may be sufficiently high to bind and activate PDZ-GEF1, enabling it to activate the pool of Ras that is localized to that membrane domain. Alternatively, binding of PDZ-GEF1 to the ␤1 receptor may allosterically enhance cAMP binding to the cNBD of PDZ-GEF1. Either possibility could occur despite the inability of cAMP to activate PDZ-GEF1 in vitro.
␤-Adrenergic agonists activated Ras and ERKs to levels similar to that seen with forskolin, an agent that activates all membrane adenylate cyclases, including those downstream of the ␤-adrenergic receptors (27) . This suggests that only specific subsets of the adenylate cyclases that are activated by forskolin are operationally linked to Ras. We propose that only the adenylate cyclases lying downstream of the ␤1-adrenergic receptor are functionally linked to PDZ-GEF1 and Ras activation. Taken together, these data support the findings of Rotin and co-workers (31, 57, 58) that the ␤1 receptor is physically linked to PDZ-GEF1.
The combined activations of Ras and Rap1 by cAMP may provide a physiological mechanism to maintain ERK signaling, whose temporal dynamics is critical for many cellular processes (46, 56) . The physiological importance of sustained ERK activation can be seen in the regulation of c-FOS protein levels (15, 46) . This requirement of sustained activation of ERKs for c-FOS expression has been shown previously for selected growth factors (15, 45) . c-FOS is an immediate-early gene that is not expressed basally but is induced by ERK signaling in two ways as follows: 1) ERKs induce c-FOS transcription; 2) ERKs phosphorylate newly translated c-FOS protein to stabilize it.
We show that blocking ERK activation even after ERK-dependent transcription has occurred results in undetectable c-FOS protein levels. For this reason, c-FOS protein levels are a robust read-out of sustained ERK activation (15) . Here, we show that the induction and maintenance of c-FOS protein levels by cAMP also requires the sustained activation of ERKs. This need for sustained activation of ERKs is reflected in the requirement for Ras, Rap1, C-Raf, and B-Raf in maintaining the levels of c-FOS protein following cAMP stimulation.
In summary, we propose a two-step model to explain how cAMP activates ERKs in Hek293 cells. The first step is PKAindependent and requires Ras. The second step is PKA-dependent and requires Rap1. Together both pathways ensure that ERK activation by cAMP is both rapid and sustained.
Experimental Procedures
Chemicals-Forskolin was purchased from Tocris Bioscience (Minneapolis, MN). IBMX and H89, U0126, and PP2 were pur- chased from Calbiochem. Isoproterenol and epidermal growth factor (EGF) were purchased from Sigma.
Plasmids-PDZ-GEF1 was provided by Lawrence Quilliam (University of Indiana, Indianapolis) (26) and cloned into the vector pcDNA3 (Invitrogen) containing an N-terminal FLAG epitope. References to the Rap1 cDNA refer to the bovine Rap1b sequence. The construction of vectors containing FLAG-Rap1b has been described previously (44, 49, 60) . The FLAG-PDZ-GEF1 K211D was generated by site-directed mutagenesis of the corresponding plasmids using the QuikChange TM kit (Stratagene, La Jolla, CA). C3G was provided by Michiyuki Matsuda (Kyoto University) (61) and tagged with GFP at its N terminus. Tagged and mutant versions of human B-Raf, C-Raf, KRas, and HRas have been described previously (40, 44, 49, 62) .
The shRNA-resistant mutants of FLAG-PDZ-GEF1(WT or K211D) were generated by mutagenesis of GAGAGATTGT-TATGGTGAA to GCGAGATCGTGATGGTGAA. The mutations here and below are underscored. The shRNA-resistant mutant of FLAG-KRas was generated by mutagenesis of CGAATATGATCCAACAATA to CGAGTATGACCCTA-CAATA. The shRNA-resistant mutant of FLAG-HRas was generated by mutagenesis of AGGAGGAGTACAGCGCCAT to AGGAAGAATACAGCGCAAT. The bovine Rap1b was used as the shRNA-resistant Rap1b, as it was resistant to an shRNA designed against human Rap1b. The human C3G cDNA was shRNA-resistant, as the shRNA was designed from the mRNA's non-coding region (63) . The shRNA-resistant mutant of FLAG-C-Raf was generated by mutagenesis of CATCA-GACAACTCTTATTG to CATCAGGCAGCTCTTGTTG. The shRNA-resistant mutant of HA-B-Raf was generated by mutagenesis of ACAGAGACCTCAAGAGTAA to ACAGAGATCTG-AAGAGCAA.
RNA Interference-Complementary pairs of short hairpin RNA (shRNA) oligonucleotides were synthesized by Integrated DNA Technologies Inc. (Coralville, IA), annealed, and cloned into the pSUPER-neoϩGFP vector (OligoEngine, Seattle, WA). The shRNA for Rap1a was described previously (37, 49, 62, 64, 65) . The sense sequences of shRNA oligonucleotides are as follows: PDZ-GEF1 shRNA, GAGAGATTGTTATGGTGAA, designed from the human sequence corresponding to an effective rat PDZ-GEF1 siRNA (37); HRas shRNA, AGGAGGAG-TACAGCGCCAT; C-Raf shRNA, CATCAGACAACTCTTA-TTG (49, 64); B-Raf shRNA, ACAGAGACCTCAAGAGTAA (49, 65) ; KRas shRNA, CGAATATGATCCAACAATA (Dharmacon siRNA); Rap1b shRNA, GGACAAGGATTTGCAT-TAG (66) and ACAGCACAGTCCACATTTA (67); C3G shRNA, GGGTTGTGTGAACTGAAAT (63); and non-specific shRNA, GCGCGCTTTGTAGGATTCG (62) .
Antibodies-Anti-ERK2 (sc-1647), anti-B-Raf (sc-9902), anti-C-Raf (sc-133), anti-Rap1a/b (sc-65), anti-c-FOS (sc-166940, sc-7202), anti-KRas (sc-30, sc-522), anti-C3G (sc-869), and agarose-coupled anti-Myc (sc-40AC) antibodies were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Agarose-coupled anti-FLAG (M2), and anti-FLAG (M2) were from Sigma. Anti-Myc (MA1-21316) was from Thermo Fisher Scientific Inc. (Rockford, IL). Anti-pan-Ras (Ras10) was from EMD Millipore (Billerica, MA). Anti-phospho-ERK (T201 and Y204) (Ab 9101) and phospho-Src (Tyr-416) antibody (Ab 2101) were from Cell Signaling Technology (Beverly, MA). Anti-GFP (A-11122) was purchased from Life Technologies, Inc. Anti-PDZ-GEF1 was from Novus Biological (Littleton, CO). Anti-mouse and anti-rabbit secondary antibodies for Western blottings were from GE Healthcare and Bio-Rad. Significance of the differences between densities in each condition and those seen in NS controls was assessed by unpaired Student's t tests (NS ϭ not significant, * ϭ Ͻ0.05, and ** ϭ Ͻ0.01, and *** ϭ Ͻ0.001).
Cell Culture Conditions and Transfections-Hek293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin, streptomycin, and L-glutamine at 37°C in 5% CO 2 . Transient transfections were performed using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions and serum-starved prior to treatment. The control vector, pcDNA3, was included in each set of transfections to ensure that each plate received the same amount of transfected DNA. Cells were treated with 10 M forskolin and 100 M IBMX for 20 min unless otherwise indicated. This treatment is designated F/I in the text and figures. Isoproterenol was used at 100 M. EGF was used at 10 ng/ml. The inhibitors H89 and PP2 were applied at 10 and 2.5 M, respectively, 20 min prior to treatment with F/I. shRNA experiments were conducted on cells split into 6-well plates in DMEM, 10%BS. 3-6 g of plasmid DNA encoding shRNAs were mixed with the transfection reagent Lipofectamine 2000 in a fixed ratio (1 g/2 l) in Opti-MEM following the manufacturer's instructions. After 2 days, cells were serum-starved overnight and subjected to experimental treatments.
Cardiac Myocytes-Hearts were harvested from C57/BL6 mice (P7) under anesthesia, minced, trypsinized, and cultured as described (68, 69) . Non-adherent cells were removed and cells passaged in DMEM, 10% FBS. All animal care was conducted according to the Institutional Animal Care and Use Committee approval.
Western Blotting-Immunoprecipitations and Western blotting were performed as described previously (40, 47) . Thermo Scientific PageRuler Prestained Protein Ladder was used as protein size indicators in all gels. Active Rap1 was assayed using GST-Ral-GDS in an in vitro pulldown assay as described previously (45) . Active Ras was assayed using a Ras activation assay kit (Cytoskeleton Inc., Denver, CO) and performed according to the manufacturer's instructions. In all cases, representative Western blottings of at least three independent experiments are shown. When data from multiple gels were combined, the band densities were assessed using ImageJ (National Institutes of Health). Relative densities are presented with standard error and significance, as analyzed by unpaired Student's t tests.
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